Energy exchange between pump and daughter waves during the stimulated Raman scattering process in a plasma is investigated, including the effect of a damping coefficient of electron-ion collision at different initial three-wave phases. To obey the energy and momentum conservations, the resonance conditions are satisfied at an optimal initial phase difference between the interacting waves. The amplitudes of the interacting waves exhibit behaviors such as a parametric oscillator. The variations in initial three-wave phase difference generate a phase mismatch, which enhances the rate of the amplitude variations of the interacting waves. The relativistic mass effect modifies the dispersion relations of the interacting waves, and consequently the energy exchange during the stimulated Raman scattering is affected. The collisional damping in the plasma is shown to have an important effect on the evolution of the interacting waves.
I. INTRODUCTION
Stimulated Raman scattering ͑SRS͒ of high power electromagnetic waves in plasmas has renewed the research interest because of its pivotal role in generation of large amplitude plasma waves and subsequent electron acceleration. [1] [2] [3] [4] [5] It is relevant to laser driven fusion, 6 laser acceleration of electrons and ions, 7, 8 ion Coulomb explosion, 9 and x-ray lasers. 10 In SRS, the electromagnetic pump wave excites a Langmuir wave and an electromagnetic sideband wave. The density perturbation associated with the Langmuir wave couples with the electron quiver motion by the pump wave to produce a nonlinear current driving of the sideband. Then the pump and sideband waves exert a ponderomotive force on electrons to drive the Langmuir wave even more strongly. 11 SRS could be detrimental in inertial confinement fusion experiments because the scattered light decreases the laser-plasma coupling and may affect the irradiation symmetry. In addition, the Langmuir waves accelerate the electrons which may preheat the fusion fuel.
In a low-density plasma Raman forward scattering is a more relevant process. [12] [13] [14] It gives rise to a high amplitude, high phase velocity plasma wave that can accelerate the electrons to a very high energy. The forward Raman instability, in the case of a laser with a finite spot size, couples to the self-focusing and produces a plasma wave of much higher amplitude. 15 , 16 Mori and Decker 17 have analyzed the spatialtemporal growth of the Raman scattering from a set of the equations valid for weakly relativistic pumping. They presented an exact solution for the evolution of Raman scattering with quasistatic approximation. The recent development of ultrashort and ultraintense laser pulse technology such as the chirped-pulse amplification 18 has led to the generation of laser intensities at higher orders of magnitude. In this regime, electrons oscillate at relativistic velocities in laser fields that exceed 10 11 V / cm, which results in a relativistic mass increase. Stimulated Raman scattering driven by the relativistic intense laser pulses has been studied by many authors.
19-21
Modena 22 has observed experimentally the Raman forward scattering in the relativistic regime and presented various results.
We study the stimulated Raman forward scattering of a relativistic laser by using a linear perturbation theory. The theory includes the effect of damping coefficient of electronion collision and the effect of three-wave phase difference. The dispersion relations of the pump and daughter waves will be modified due to the relativistic mass change and the damping coefficient. They also depend on the amplitudes of the incident laser and the scattered light. The modified dispersion relations affect the temporal evolution of the stimulated Raman scattering of a laser. The initial three-wave phases also change the temporal development of SRS. This paper is organized as follows. In Sec. II, we establish the dispersion relations of the SRS waves which include the effect of the electron damping coefficient and relativistic mass change. The coupled mode equations for the laser pump wave, the scattered electromagnetic wave, and the plasma wave in a plasma are derived, and the numerical results are discussed. The conclusions are presented in the last section.
II. TEMPORAL EVOLUTION OF STIMULATED RAMAN SCATTERING
Let us consider a high intensity laser propagating in a plasma with a density of n 0 and an electron temperature of T e , where the laser has an electric field,
In the stimulated Raman scattering process, an electromagnetic pump wave ͑ 0 , k 0 ͒ couples with an electrostatic perturbation E =−١ = ẑA͑t͒exp͓−i͑t − kx͔͒ ͓an electron plasma wave ͑ , k͔͒ and generates a scattered sideband E 1 = xA 1 ͑t͒exp͓−i͑ 1 t ± k 1 x͔͒ ͓an electromagnetic wave ͑ 1 , k 1 ͒; ͑ 1 = 0 − , k 1 = k 0 ϯ k͔͒. The upper sideband ͑ + 0 ͒ is neglected as it is considered to be off resonance for the nonlinear interaction under investigation. Here the symbol ϯ corresponds to forward-and backscattering electromagnetic waves. We consider the Raman forward scattering and establish the dispersion relation without the collisional damping effect. From the linear perturbation theory, the oscillatory velocities of electrons imparted by the interacting waves are 0 = eE 0 / mi␥ 0 0 , 1 = eE 1 / mi␥ 1 1 , and = eE / mi␥, where ␥ 0 = ͑1+a 0 2 /2͒ 1/2 , ␥ 1 = ͑1+a 1 2 /2͒ 1/2 , and ␥ = ͑1+a 2 /2͒ 1/2 , a 0 = eA 0 / m 0 c, a 1 = eA 1 / m 1 c, and a = eA / mc, −e and m are the electron's charge and mass, respectively, and c is the velocity of light in vacuum. When the amplitudes of interacting waves are comparable to each other, the effective relativistic factor 23 may be taken as ␥ 0 0 = ͑1+a 0 2 /2+a 1 2 /2 + a 2 /2͒ 1/2 . The pump and sideband waves exert a ponderomotive force on the electrons at ͑ , k͒, F p = e ١ p , where p =−͑m /2e͒␥ 0 0 0 1 . The electron density perturbation at ͑ , k͒ due to and p is
where e =−͑ p 2 +3k 2 th 2 ͒ / 2 ␥ 0 0 is the electron susceptibility, p = ͑4n 0 e 2 / m͒ 1/2 is the plasma frequency, and th = ͑2T e / m͒ 1/2 is the electron thermal velocity. Using this expression in the Poisson's equation ٌ 2 =4ne, we obtain
where =1+ e . In the absence of the pump = 0, the dispersion relation of the relativistic plasma wave can be written as 2 = ͑ p 2 +3k 2 th 2 ͒ / ␥ 0 0 . The electron density perturbation at ͑ , k͒ couples with oscillatory velocity due to the pump to produce a nonlinear current at ͑ 1 , k 1 ͒,
Following the standard method 24 the dispersion relation of sideband electromagnetic wave can be written as
where
To include the effect of damping, we add the term −‫ץ‬E 1 / ‫ץ‬t in the left hand side of Eq. ͑5͒, where = ei is the energy damping rate for the sideband wave in the collisional plasma, and ei is the electron-ion collision frequency. In the presence of the damping coefficient ͑͒ due to electron-ion collisions, D 1 can be expressed as
The damping coefficient of electron-ion collision changes the dispersion relations of the SRS waves, which further affects the temporal evolution of the SRS waves. In the absence of pump ͑D 1 =0͒, the dispersion relation of the relativistic electromagnetic sideband wave can be obtained
Using Eqs. ͑3͒ and ͑5͒, we obtain the nonlinear dispersion relation of SRS,
By using the above equations, the standard expression of the maximum growth rate of the SRS can be written as 25 ⌫ m = ͑ p 2 / 0 ͒a 0 /2 ͱ 2−. Here the pump amplitude a 0 is time dependent; hence, the growth rate varies according to the pump amplitude.
Replacing 1 by 1 + i‫ץ‬ / ‫ץ‬t and by using the Taylor expansion of D 1 ͑ 1 , k 1 ͒ around t = 0, one can express 
In the same way, the behavior of the pump wave can be represented by the following equation:
Similarly, Eq. ͑3͒ gives ‫ץ‬A ‫ץ‬t
͑10͒
where ␣ 0 = ek 0 /4m␥ 0 0 0 , ␣ 1 = ek 1 /4m␥ 0 0 1 , and ␣ =−ek e /2m 0 .
Expressing A = ͑mc / e͒a͑t͒exp͓i͑t͔͒, A 1 = ͑m 1 c / e͒ ϫa 1 ͑t͒exp͓i 1 ͑t͔͒, and A 0 = ͑m 0 c / e͒a 0 ͑t͒exp͓i 0 ͑t͔͒ in the above equations and separating the real and imaginary parts, one obtains the following equation from Eqs. ͑9͒ and ͑10͒:
where ͑m 0 c␣ 0 / e͒t = , = − 0 − 1 , and , 0 , and 1 are the phases of the plasma, pump, and sideband waves, respectively. Equations ͑11͒-͑14͒ are coupled ordinary differential equations. These have been solved numerically by using the MATHEMATICA. All the numerical parameters are chosen for a Ti:sapphire-Nd:glass laser ͑I Ϸ 5. First, we show the variations of time-dependent amplitudes of the pump wave a 0 ͓Fig. 1͑a͔͒, the sideband wave a 1 ͓Fig. 1͑b͔͒, and the plasma wave a ͓Fig. 1͑c͔͒ in the absence of damping coefficient of electron-ion collision for different initial laser intensities a 0 = 0.3 ͑red line͒, a 0 = 0.5 ͑green line͒, and a 0 = 0.7 ͑black line͒. Here we choose a simplified case when initial three-wave phase is locked at = 90°. The pump wave is responsible for SRS and diverts its energy to the daughter waves. In the result, the amplitude of the pump wave decreases with time in the beginning. As time goes, the amplitude of the pump wave increases after attaining a minimum. Oppositely, the amplitudes of the sideband wave and the plasma wave increase due to the seeding effect of the instability. The amplitudes of the sideband wave and the plasma wave decrease after attaining a peak. It is observed that the peaks of the amplitudes of decay waves occur when the pump wave amplitude gets minima and vice versa. The physics behind the oscillatory growths of the interacting waves can be understood as follows. As we know in the SRS process, the laser incident upon a plasma scatters into an electromagnetic sideband and a plasma wave. In this process, a part of the incident energy is scattered and a part is deposited into the electron plasma wave. This is a feedback process where the energy and the momentum are conserved. When initial three-wave phase is locked, there is no energy loss during SRS due to the resonant interactions. If the pump wave amplitude decreases, the daughter wave amplitude will increase because of the energy conservation. This process seems to be an analogy of the parametric oscillator.
At high laser powers, the plasma wave amplitude can be comparable to the sideband wave amplitude because of the significant growth of SRS. It is observed that the amplitude evolutions of the pump and daughter waves are affected sufficiently by the relativistic effect. The amplitude of the pump wave has the first minimum at time = 30 for initial laser intensity a 0 = 0.3. For a higher laser intensity a 0 = 0.5, it has the first minimum at earlier time = 20. Hence, the rate of amplitude variation increases due to the relativistic effect.
In Fig. 2 , we see the effect of the three-wave phase on the temporal evolutions of the SRS waves in the presence of the damping coefficient of the electron-ion collision. Figure  2͑a͒ shows the variation of the pump amplitude with time in the presence of the damping coefficient ͑ ei / 0 = 0.05͒ for different three-wave phases ͑ =10°,30°,60°͒. The pump amplitude decreases and finally tends to get a minimum value. For a small value of the three-wave phase difference ͑ =10°͒, the amplitude of the pump wave decreases to the first minimum, and then it shows an oscillatory behavior. For higher values of the three-wave phase differences ͑ =30°,60°͒, initially the amplitude of the pump wave shows the same behavior, but as time goes it decreases quickly to zero. The lost energy of the pump wave amplifies the SRS, which enhances the amplitudes of the sideband ͓Fig. 2͑b͔͒ and plasma waves ͓Fig. 2͑c͔͒. The changes in three-wave phase differences also affect the temporal evolution of the daughter wave. For larger three-wave phase difference, the amplitude of the sideband wave increases continuously and reaches a saturation level. The reason for the saturation level attained by the sideband is the resonance mismatch introduced by the initial phase differences of the interacting waves. The damping of the plasma wave and the detuning of the resonance both act to stabilize the sideband wave against the loss of pump wave energy. Only a small fraction of the pump energy is taken by the plasma wave because of the resonance mismatch at a larger three-wave phase difference. Furthermore, the sideband retains an amount of energy for a larger three-wave phase difference. But for a smaller threewave phase difference, it cannot retain the energy longer. This means that the larger three-wave phase difference is useful to obtain a large amplitude of the SRS. On the other hand, the amplitude of the plasma wave initially increases due to the pumping by the pump wave and begins to lose its energy after attaining a peak. The effect of three-wave phase difference on the plasma wave amplitude evolution can be seen in Fig. 2͑c͒ . Following the energy conservation, it can be predicted that the plasma wave obtains a higher amplitude for a smaller three-wave phase difference. Figure 3 shows the effect of the damping coefficient of electron-ion collision on the development of the amplitudes of the SRS waves at a certain three-wave phase difference ͑ =10°͒. The pump wave amplitude decreases rapidly for large damping coefficient. Also, the pump wave loses its energy in short time for the larger damping rate ͓Fig. 3͑a͔͒. Figure 3͑b͒ shows the same for the amplitude of sideband wave. The higher value of the damping coefficient shifts the peaks of the amplitude slightly, and the damping rate reduces the SRS amplification. In Fig. 3͑c͒ , we represent the temporal evolution of the plasma wave for the damping coefficient ei / 0 = 0.05 and the different electron thermal velocities k th / p = 0.07, 0.09. The larger electron thermal speed enhances the saturation level of the plasma wave amplitude.
III. CONCLUSIONS
We explored some physics to examine the relativistic effect, the effect of damping coefficient of the electron-ion collision, and the effect of three-wave phase change on temporal evolution of the stimulated Raman scattering of a laser in a plasma. Some numerical calculations were carried out to justify the results by choosing a simplified case when the phases of the SRS waves are locked. The amplitudes of the decay waves grow initially and acquire the peaks later. During this period, the pump wave amplitude decreases and acquires a minimum. Beyond this time the amplitudes of the decay waves decrease, while the pump wave amplitude rises, giving rise to the exchanges of energies among the interacting waves. The relativistic mass effect plays a significant role in energy exchange between the pump and daughter waves in the SRS process. The unlocking of the initial three-wave phase difference changes the temporal evolution of the SRS waves. The resonance mismatching and the damping due to the collisions and thermal effects generate some losses during this process. Therefore, the interacting waves represent some different temporal behaviors in this case. According to the results, the amplitudes of the SRS waves strongly depend on the initial phases of three waves. The plasma collision damping changes the dispersion relations of the SRS waves and becomes an important factor for the development of the amplitudes of the SRS waves. The increasing three-wave phase difference and electron thermal velocity amplify the SRS; however, the increasing damping coefficient shows the reverse effect.
This theory is not applicable for Raman backscattering ͑RBS͒ because as the pump amplitude decreases and the daughter wave amplitude increases, the role of the pump and daughter waves is interchanged when the daughter wave amplitude overtakes the pump wave amplitude. In order for the energy to flow back into the pump wave by the large amplitude daughter wave, one needs upshifted stimulated Raman backscattering because the daughter wave is of lower frequency. Since this is a nonresonant process, it will not occur physically and there is no periodic energy exchange between the pump and daughter waves in this scheme. Hence, only the Raman forward scattering ͑RFS͒ may allow such an exchange. 
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